End binding 1 (EB1) is a plus-end-tracking protein (+TIP) that localizes to microtubule plus ends where it modulates their dynamics and interactions with intracellular organelles 1,2 . Although the regulating activity of EB1 on microtubule dynamics has been studied in cells 3-6 and purified systems 7-13 , the molecular mechanisms involved in its specific activity are still unclear. Here, we describe how EB1 regulates the dynamics and structure of microtubules assembled from pure tubulin. We found that EB1 stimulates spontaneous nucleation and growth of microtubules, and promotes both catastrophes (transitions from growth to shrinkage) and rescues (reverse events). Electron cryomicroscopy showed that EB1 induces the initial formation of tubulin sheets, which rapidly close into the common 13-protofilament-microtubule architecture. Our results suggest that EB1 favours the lateral association of free tubulin at microtubule-sheet edges, thereby stimulating nucleation, sheet growth and closure. The reduction of sheet length at microtubule growing-ends together with the elimination of stressed microtubule lattices may account for catastrophes. Conversely, occasional binding of EB1 to the microtubule lattice may induce rescues.
. Microtubule growth involves the formation of outwardly curved tubulin sheets, which gradually close to form tubes and are thought to protect the lattice from catastrophe events 15, 16 . Catastrophes may arise from loss of this capping structure through occasional closure of the sheets into energetically unfavourable configurations 17 . Conversely, rescues may involve a metastable, intermediate state between disassembly and assembly 18 . Catastrophes and rescues are finely regulated in cells and can be either stimulated or inhibited, depending on the activity of the cell 14 . Several proteins interact with unpolymerized tubulin and/or microtubules to modulate their dynamic properties 19 . Among them, EB1 is a highly conserved +TIP that was first described as a partner of the tumour suppressor APC 1 . EB1 accumulates at microtubule plus-ends through a treadmilling process characterized by an association with the newly growing end and a rapid dissociation from the older part of the lattice 2 . The recognition of a specific structure at microtubule plus-ends (for example, the growing tubulin sheet) may be the targeting mechanism involved, rather than copolymerization with tubulin dimers 8, 9, 12, 20, 21 . Although several studies have investigated the role of EB1 in the regulation of microtubule dynamics, its precise effects on the dynamic instability parameters are still controversial. For example, in Saccharomyces cerevisiae 4 and Drosophila melanogaster cells 3 , EB1 has been reported to increase both catastrophes and rescues, whereas in Xenopus laevis egg extracts 12 and in Schizosaccharomyces pombe 5 , it was reported to inhibit catastrophes. Similarly, in vitro studies have shown that EB1 promotes polymerization of pure tubulin [7] [8] [9] [10] , whereas other works have suggested that this activity requires an additional factor, such as APC or p150
Glued dynactin-component 11, 13 . Thus, it remains unclear whether EB1 modulates microtubule dynamics on its own and how this activity is mediated at the structural level.
We first investigated the effects of EB1 on microtubule dynamics using video-enhanced differential interference contrast (VE-DIC) light microscopy. Tubulin (10 μM) assembled into microtubules from centrosomes, in the absence and presence of increasing concentrations of EB1 (0.5, 1.0, 1.5 and 2.0 μM). We limited the VE-DIC analysis to this concentration range of EB1, as self-assembly occurred at concentrations above 2.0 μM, suggesting that EB1 stimulates spontaneous nucleation of microtubules (see below). Fig. 1a shows life histories of individual centrosome-nucleated microtubules, which are representative of the characteristic behaviour of tubulin (10 μM) without and with EB1 (1.0 and 1.5 μM; also illustrated in Fig. 1b) . The detailed values of the dynamic instability parameters are reported in Table 1 . Microtubule assembly from tubulin alone was characterized by prolonged phases of growth interrupted by rare catastrophes, as reported previously [22] [23] [24] [25] . Addition of EB1 (2.0 μM) increased the microtubule growth rate (V g ) up to two-fold and decreased the shrinkage rate (V s ) by approximately 1.5-and 2.2-fold at concentrations of 1.5 and 2.0 μM, respectively. This decrease in the shrinkage rate at the highest EB1 concentration (2.0 μM) was accompanied by a marked increase in the rescue frequency (F res ) from 0.512 min -1 (control) to 4.360 min . These results indicate that EB1 started to bind to the microtubule wall at concentrations above 1.5 μM, causing stabilization of the microtubule lattice. Our observations are consistent with previous studies, in which EB1 was localized in a punctate manner along microtubules 5, 8, 9, 20, 26 , in addition to its preferential accumulation at microtubule ends. EB1 (1.0 μM) was also found to increase the catastrophe frequency (F cat ) from 0.045 min -1 (control) to 0.194 min
. At the higher concentrations of EB1 (1.5 μM and 2.0 μM), the catastrophe frequency decreased to 0.100 min -1 and 0.123 min -1 , respectively. This decrease can be explained by the binding of EB1 to the microtubule lattice at concentrations above 1.5 μM, which counterbalanced its catastrophepromoting activity. However, the catastrophe frequency remained high, compared with that observed for microtubules assembled from tubulin alone at concentrations producing similar growth rates [22] [23] [24] [25] . These results demonstrate that EB1 promotes both catastrophes and rescues. Although rescues can be explained by EB1 molecules binding to the microtubule wall at EB1:tubulin ratios above approximately 3:20, its stimulating effect on both the growth rate and the catastrophe frequency indicates that it has distinct activities at microtubule ends.
To gain insight into the molecular mechanisms underlying the properties of EB1, we analysed its effect on microtubule self-assembly (Fig. 2a) . Tubulin was first incubated at 15 μM, that is, below the critical concentration needed for self-assembly 25 . Although microtubules did not polymerize with tubulin alone, addition of EB1 (0.9 μM) induced the formation of microtubules, confirming that it stimulated both spontaneous nucleation and assembly. Similarly, addition of EB1 (0.9 and 1.5 μM) to a higher concentration of tubulin (45 μM) caused an increase in the overall mass of microtubules assembled and a marked reduction of the nucleation phase. The most remarkable effect was the presence of a turbidity overshoot that occurred during the assembly phase (Fig. 2a, arrowheads) , suggesting that other structures formed transiently in addition to regular microtubules. A similar overshoot has been observed in the presence of both human EB1 and p150 Glued (ref. 10) . However, only a few effects of human EB1 alone on microtubule self-assembly could be demonstrated. It remains unclear whether the discrepancy between this study and our results is due to differences in the EB1 construct used or in the assembly conditions. Large overshoots at the end of the assembly phase have been described previously and were attributed to the presence of long sheets that scattered more light, compared with microtubules, and gradually closed to form tubes 27 . We could reproduce this behaviour by assembling microtubules from tubulin alone at a concentration of 90 μM, which gave similar initial assembly kinetics as those observed with a combination of tubulin (45 μM) and EB1 (1.5 μM), determined by spectrophotometry (Fig. 2a) and VE-DIC light microscopy (data not shown). Under the former conditions, the overshoot spread over approximately 15 min before the assembly reached a plateau; however, it lasted for only a few minutes in the presence of EB1 and ended before the plateau was attained.
To investigate the structures formed during the turbidity overshoot in the presence of EB1, we used electron cryomicroscopy on samples vitrified at different assembly time points. Tubulin (45 μM) was polymerized with EB1 (1.5 μM; Fig. 2a ) and samples were frozen during the elongation phase (0.5 min), around the overshoot (2 min) and at the plateau (15 min). We first analysed the structure of microtubule ends by classifying them into three types: frayed ends, blunt ends and sheets (Fig. 2b ). Sheets and blunt ends were represented almost equally during the elongation phase and around the overshoot (between 41 and 49% of the extremities, Fig. 2c ), whereas blunt ends became predominant at the plateau (74.6%). To analyse microtubule-end structure in the absence of EB1, microtubules were assembled from the same tubulin concentration (45 μM), but samples were frozen at different times, as the assembly process was still in the nucleation phase after incubation for 0.5 and 2 min at 37°C (Fig. 2a) . Therefore, specimens were prepared at comparable stages to those used in the presence of EB1, that is, in the middle of the assembly phase (10 min) and after the reaction had fully reached the plateau (40 min). Under these conditions (Fig. 2d) , microtubules had mostly blunt ends, both during the elongation phase (67.9%) and at the plateau (73.4%). These results are consistent with the hypothesis that the turbidity overshoot observed with EB1 is caused by the formation of a high proportion of sheets during the initial assembly stages. In addition, the rapid fall-off of the overshoot suggests that these sheets closed rapidly into microtubules. To investigate this, microtubules were assembled from tubulin alone at 90 μM (a concentration providing initial assembly kinetics comparable to those with 45 μM tubulin and 1.5 μM EB1) and samples were prepared at the same assembly times. Under these conditions (Fig. 2e ), microtubules had a higher proportion of sheets during the elongation phase (83.2% at 0.5 min), and this decreased at the overshoot (57.6% at 2 min) to reach values comparable to the two preceding values at the plateau (20.1% at 15 min). These data show that EB1 induces the formation of a lower proportion of sheets, compared with microtubules assembled from tubulin alone, and with similar assembly kinetics. The sheet-length distributions showed the same trends as those observed for the sheet proportions ( Supplementary  Information, Fig. S1 ): on average, sheets were shorter with tubulin alone (45 μM) than in the presence of EB1, whereas assembly of 90 μM tubulin produced the formation of longer sheets at the same assembly stages (Fig. 2f-h) . Together, these results show that the turbidity overshoot observed in the presence of EB1 is due to an initial stimulation of sheet growth, followed by their rapid closure into microtubules. To confirm this observation, tubulin was polymerized with GMPCPP and DMSO, which induce the formation of unclosed microtubules 9 ( Supplementary  Information, Fig. S2 ). Under these conditions, sheets were predominant (62.2%); however, assembly in the presence of EB1 caused the formation of mainly closed microtubules (75.5%), demonstrating that, similarly to its yeast orthologue Mal3p 9 , EB1 promotes sheet closure. It has been proposed that catastrophes are a consequence of occasional closure of the growing sheets into unfavourable configurations 17 . As EB1 promoted catastrophes (Table 1) , we wondered whether it would affect microtubule lattice structure. The number of microtubule protofilaments can be determined from electron cryomicroscope images by observing their fringe patterns 28 ( Fig. 3a) . Microtubules with 13 protofilaments arranged according to 3-start helical families are the most energetically favourable configurations, as their protofilaments run parallel with the microtubule wall 17 (unskewed microtubule). All other protofilament and/ or helix start-number configurations require skewing of protofilaments and changes in the lateral curvature of the microtubule wall, processes that induce strains in the lattice 17 (skewed microtubules). Furthermore, Dynamic parameters were determined by VE-DIC light microscopy for microtubules assembled from purified centrosomes in the presence of tubulin (10 µM) and increasing concentrations of EB1. Standard deviations are given in parentheses. The total growth and shrinkage times analysed, as well as the number of microtubules used for each condition, are given in the last three rows. (n) represents the total number of measurements for the growth and shrinkage rates, and the total number of observed events for the catastrophe and rescue frequencies. Catastrophe and rescue frequencies were calculated by dividing the total number of events by the time spent in growth and shrinkage, respectively.
during sheet closure, microtubules occasionally switch from one type of lattice to another (for example, see the 12-13 protofilament number transition in Fig. 3a) , inducing local defects in the microtubule wall 29 . Microtubule populations were determined without and with EB1 for the three conditions studied (detailed in Supplementary Information, Table S1 ). At 45 μM tubulin, unskewed 13-protofilament microtubules represented approximately 75% of the population during elongation and at the plateau (Fig. 3b) . Yet, the transition frequency (F trans , Fig. 3c ) was two-fold higher during elongation (F trans = 0.032 μm (f-h) Average sheet lengths determined at different assembly times. For each condition, the repartition of sheet lengths showed an inverse exponential distribution, as described previously 24 ( Supplementary Information, Fig. S1 ). Results include a total of 60 negatives in the presence of EB1 (20 for elongation, 18 for the overshoot and 22 for the plateau), 35 negatives for 45 μM tubulin (16 for elongation, 19 for the plateau) and 48 negatives for 90 μM tubulin (20 for elongation, 14 for the overshoot and 14 for the plateau).
of unskewed 13-protofilament microtubules with a much lower level of transitions. As observed for the two other conditions, the transition frequency decreased as the microtubules reached steady-state conditions. These results show that EB1 favours the formation of unskewed 13-protofilament microtubules while eliminating lattice defects that otherwise would have been incorporated in the microtubule lattice at comparable assembly kinetics. These experiments were performed at a lower EB1:tubulin ratio (1:30) than those used for VE-DIC light microscopy, where EB1 started to bind to the microtubule lattice (above approximately 3:20). It seems unlikely, therefore, that EB1 imposes a fixed lateral curvature between adjacent tubulin dimers to favour 13-protofilament microtubules, as proposed for the neuronal MAP (microtubule-associated protein) doublecortin 30 . Our results suggest rather, that during tube closure, EB1 selects unskewed 13-protofilament microtubules by discarding stressed lattices through catastrophe events, which is consistent with the mechanical stress-induced mechanism of catastrophes proposed previously 17 . The fact that EB1 stimulates catastrophes while promoting the formation of 13-protofilament microtubules and decreasing lattice-defect frequency, fits with this hypothesis. However, the detailed molecular mechanism by which EB1 mediates this effect remains to be elucidated.
Microtubule assembly involves the formation of outwardly curved tubulin sheets that gradually close into tubes 24 . This outward curvature results from a balance between the intrinsic longitudinal curvature of the protofilaments, which pulls them out from the tube axis, and the lateral one induced by their lateral association, which favours tube closure 31 . As a consequence, sheet growth and closure are linked closely and any factor stimulating the lateral association of incoming tubulin dimers promotes tube closure. Thus, our results are consistent with the hypothesis that EB1 favours the interaction of tubulin dimers and/or oligomers with free lateral sites exposed at the sheet edges (Fig. 4a) , a mechanism consistent with Mal3p localization at the tube closure junction 9 . This single lattice-based effect stimulates the formation and growth of sheets, which accounts for the EB1-promoting activity on both nucleation and growth rate. The subsequent increase of the lateral curvature of sheets favours their natural closure into tubes (Fig. 4b-c) , causing a size reduction of the capping structures thought to protect microtubules from depolymerization 15 (Fig. 4d) . This implies that although microtubules grow faster in the presence of EB1, they are also more prone to undergo catastrophes (Fig. 4e) . How EB1 induces these depolymerizing events remains uncertain. Nevertheless, our results suggest that EB1 eliminates stressed lattices during tube closure, causing the preferential accumulation of unskewed 13-protofilament microtubules 17 . . The lower micrograph shows a transition (double arrow) from 12-to 13-protofilaments within a given microtubule. Filtered versions of the images enhancing their fringe pattern are presented below each microtubule. These fringes are caused by the superposition of the protofilaments in the two-dimensional projection of the electron cryomicroscope image. Microtubules with unskewed 13-protofilaments had two internal fringes running parallel to the microtubule longitudinal axis over long distances. Microtubules with skewed protofilaments show alternating fringe patterns whose periodicities are related to their protofilament skew angle 28 . Scale bar, 25 nm. (b, c) Percentage of unskewed 13-protofilament microtubules (b) and transition frequencies (c) at different assembly stages for the three conditions studied. Freezing times are as indicated in Fig. 2c -e. With 45 μM tubulin, the total length of microtubule segments measured was approximately 345 μm (n = 298) and 516 μm (n = 436) during elongation and at the plateau, respectively. With 90 μM tubulin, the total length of microtubule segments measured was approximately 696 μM (n = 476), 1018 μm (n = 584) and 829 μm (n = 478) during elongation, around the overshoot and at the plateau, respectively. In the presence of EB1, the total length of microtubule segments measured was approximately 673 μm (n = 639), 638 μm (n = 615) and 1036 μm (n = 704) during elongation, around the overshoot and at the plateau, respectively. Measurements were made on the same negatives as those used for the microtubule-end structure analysis.
Such a 'proofreading' mechanism may operate in cells to impose the common unskewed 13-protofilament structure of microtubules 32 . Finally, occasional binding of EB1 to the microtubule lattice may promote rescues by strengthening protofilament lateral interactions (Fig. 4f) .
Our work shows that a +TIP can have both catastrophe-and rescuepromoting intrinsic activities. We propose a mechanism in which a fine regulation of tubulin-sheet formation, growth and closure accounts for the specific activity of EB1. One consequence of this mechanism is that EB1 localizes preferentially to microtubule ends, where the tubulin lateral free sites are available. Further structural studies will be needed to characterize at the molecular level the precise localization of EB1 on microtubules. The EB1-mediated increase of microtubule growth, catastrophes and rescues is consistent with its effect in promoting microtubule dynamics observed in different cell types 3, 4 . It remains to be determined how this activity is regulated by other factors to specifically modulate catastrophe and rescue events during the cell cycle.
METHODS
Protein purification. Tubulin was purified from pig brain by two assemblydisassembly cycles followed by phosphocellulose chromatography, as described previously 33 , and stored in BRB80 buffer (80 mM piperazine-N, N´ bis(2-ethanesulphonic acid (Pipes), 1 mM MgCl 2 , 1 mM EGTA, pH .8) at -80°C. Mouse EB1 cDNA (subcloned in the pET28a(+) vector) was provided by N. Galjart (Erasmus University, Rotterdam, The Netherlands). Recombinant mouse EB1 with a 6-histidine tag was purified from E. coli BL21 (Invitrogen) according to the procedure used for the purification of the H2-fragment of CLIP-170 (ref. 25) . The protein was dialysed against BRB80, centrifuged at 230,000g for 10 min at 4°C, frozen in liquid nitrogen and stored at -80 °C. All protein concentrations were measured using a Biorad assay (Sigma) with bovine serum albumin as a standard. All reagents were from Sigma.
Microtubule self assembly. Tubulin was prepared at 15, 45 and 90 μM with 1 mM GTP in BRB80 and kept for 5 min at 4°C before assembly. Tubulin polymerization was induced by incubating the specimen at 36°C and monitored turbidimetrically at 350 nm using a UVIKON XS spectrophotometer (BIOTEK Instruments). To test EB1 activity, increasing concentrations of the recombinant protein were added to tubulin (15 or 45 μM) and incubated for 5 min at 4°C before polymerization.
For each experiment, the temperature was changed to 4°C after 50-60 min recording, to ensure that the increase in turbidity was caused by microtubule assembly and not to protein aggregation.
Video-microscopy and data analysis. Microtubules were assembled from purified centrosomes with tubulin (10 μM) and increasing concentrations of EB1 (0.5, 1.0, 1.5 and 2.0 μM). Samples were prepared in perfusion chambers and observed at 36°C with an Olympus BX-51 microscope equipped with DIC (differential interference contrast) prisms and a video camera coupled to an Argus 20 image processor (Hamamatsu), as described previously 25 . Images were recorded every 2 s for periods of 5 min. The total recording time did not exceed 60 min for each chamber. Measurements of microtubule dynamics and data analysis were carried out using NIH-Image (National Institute of Health) and Kaleidagraph (fourth version, Synergy Software) software, as described previously 4 . Differences between experiments were evaluated by an unpaired t-test and P < 0.05 was considered significant. Electron cryomicroscopy. Vitreous ice-embedded samples were prepared under controlled temperature and humidity conditions 29 . For polymerization times less than 3 min, samples were incubated directly on holey-carbon grids. For longer times, they were incubated in a tube and placed on the grid using pre-warmed tips. Specimens were observed with a FEI Tecnai G2 Sphera electron microscope operating at 200 kV (Eindhoven), equipped with a Gatan stage pre-cooled with liquid nitrogen (Gatan). Images were recorded on Kodak electron image films SO-163 (Kodak-Pathé) under low electron-dose conditions, at magnifications between ×25,000 and ×29,000 and approximately 3 μm underfocus.
Image analysis. Negatives were digitized using a Nikon Super CoolScan 9000 ED scanner at 2540 dpi (Nikon). Microtubule protofilament numbers and end structures were analysed directly on printed images. Based on their specific moiré patterns, microtubules were classified according to their protofilament numbers as described previously 28 . Microtubule length was measured with an electronic ruler (Run-Mate), and was used to determine the percentage of each microtubule category. Microtubule extremities were classified into three different types: frayed ends, blunt ends (protofilament protrusions with a length shorter than approximately 12 nm) and sheets. Blunt ends were included in the sheet-length measurements ( Supplementary Information,  Fig. S1 ), as they represent short extensions not visible at the resolution of the electron microscope 24 . Their size was fixed to 12 nm, which corresponds to the minimum size of the protofilament protrusion expected for a monomer 3-start helical microtubule end. Filtered images were obtained by selecting the J 0 and J N layer-lines in the Fourier transform of straightened microtubule images, using the 'Straighten curved objects' plugin 34 of Image J (National Institute of Health). 
